Biological nitrogen removal in aerobic granular sequencing batch reactors is sensitively affected by process conditions (e.g. dissolved oxygen (DO) concentration, nitrogen loading rate (NLR), influent C/N ratio, among others). The variation of one of these process conditions affects the others, because often they are tightly linked. These That appropriate DO concentration could be easily found based on effluent ammonium concentration. Those results were used to propose a control strategy to enhance Nremoval efficiencies. The control strategy was based on a closed DO loop with variable DO set-point. The DO set-point was established at a constant value for the whole cycle (i.e. once per cycle), based on the on-line measurement of ammonium concentration at the end of the previous cycle.
That appropriate DO concentration could be easily found based on effluent ammonium concentration. Those results were used to propose a control strategy to enhance Nremoval efficiencies. The control strategy was based on a closed DO loop with variable DO set-point. The DO set-point was established at a constant value for the whole cycle 
Introduction
Recently, aerobic granular sequencing batch reactors (GSBR) have been successfully used for the treatment of municipal and industrial wastewater effluents [1 -7] . Granules have a compact, dense and thick structure which provides good settling and retention capacities [8 -9] . Granular sludge reactors operate at higher loading rates using more compact reactor designs, if compared with activated sludge [10 -12] . Moreover, the morphological structure of aerobic granular sludge provides the existence of substrate profiles across the granule depth, enabling simultaneous aerobic and anoxic processes into the same bioparticle. For these reasons, GSBRs have shown a very good performance in organic matter and nitrogen (N) removal [10, 13 -14] .
High N-removal is achieved when the aerobic and anoxic zones of the granules are correctly balanced [15] . This balance depends on many variables, some of them are associated to the granules characteristics (i.e., particle size, density, porosity), whereas others are related to the operational conditions of the reactor (DO concentration, NLR, influent C/N ratio). Experimental campaigns devoted to study the individual effect of these variables is often very challenging and time-consuming, since a change in one of them may affect the others. For example, studying the effect of influent loading rate over nutrients removal efficiency may be affected by variations in the size of the granules [16] . Also, changing the DO concentrations manipulating the air-flow rate may also cause a change in the density of the granules [17] . Therefore, it is difficult to experimentally assess, in an independent manner, the effects of each variable on Nremoval efficiency. Furthermore, some parameters, especially those related to biomass characteristics, are not easy to control and tend to fluctuate even in steady state [12, 18] , hindering its study.
Automatic control strategies are a good tool both for optimization of the performance of wastewater treatments and to apply corrective actions in front of influent or biomass disturbances [19] . Two operational modes are commonly reported for N-removal with aerobic granular sludge: i) GSBRs with a completely aerated reaction phase [6, 10, 12, 14] . In that operational mode, simultaneous nitrification-denitrification is the main N-removal pathway and ii) GSBRs with one or several anoxic periods 5 [5, 18, 20, 21] . These anoxic periods are introduced for enhancing denitrification.
Although, in general, these configurations showed good N-removal performance, none of these studies used automatic control strategies. In fact, the use of automatic control strategies in GSBRs is still scarce. Some of the examples are: (i) to control the length of cycle as a function of the ammonium concentration for nitritation of high-strength ammonium wastewaters with a very low influent C/N ratio [22] ; (ii) to control the length of the cycle by means of ORP, DO and pH curves for winery [23] and synthetic wastewaters [24] .
To overcome the challenges associated to experimental set-ups, the mathematical modeling has been proven to be a useful tool for analyzing complex systems, such as the GSBR. In that sense, some researchers developed mathematical models describing the COD and N-removal via the nitrification and heterotrophic denitrification processes [13, 25, 26] . De Kreuk et al. [15] introduced the biological phosphorus removal and studied the individual influence of some parameters (i.e. temperature and granule size) over the nutrient removal. Vazquez-Padín et al. [27] showed that the biomass characteristics could be successfully described if a porosity profile across the granules depth was taken into account. Later, Su et al. [28] modeled the variations in size and density of granules due to growth, detachment or breakage, to optimize the size and density of granules.
Most of the efforts of these studies were focused on understanding the behavior of the GSBR, but not in finding the best practical strategy to be implemented with the aim to improve the N-removal. In this study, a mathematical model describing the steady state operation of a GSBR treating diluted swine wastewater was calibrated and validated with different sets of experimental data. This model was then exploited to assess the impact of easily measurable parameters on the N-removal efficiency. The selected parameters were DO concentration, granule size, NLR and influent C/N ratio. From the results of the exploitation, a control strategy to improve the N-removal in GSBRs was proposed and evaluated through modeling.
Materials and Methods

Characteristics of the GSBR operation
Experimental data for the modeling were obtained from a 1.5 L GSBR treating diluted swine wastewater. The reactor cycles were distributed as fill (3 min), aeration (171 min), settling (1 min) and discharge (5 min). The hydraulic retention time was 6 h. The reactor was operated at room temperature (23 ± 2 ºC), while the pH was not controlled and ranged from 7.5 -8.5. Air was supplied through an air diffuser at the bottom of the reactor at a constant flow-rate (3.5 L min -1 ), and the DO concentration varied in the range 2 -6 mg O 2 L -1 .
Activated sludge collected from a municipal WWTP was used as inoculum. Five days after the start-up most of the inoculum biomass washed out from the reactor and first granules appeared. On day ten, the average diameter of the granular biomass was 1.87 mm and the volatile solids content inside the reactor was 1.27 g VSS L -1 [6] .
After the start-up, the GSBR operational strategy consisted in stepwise decrease of the dilution ratio of the swine wastewater with tap water. Experimental data from the operational periods A and C from the GSBR (see Fig. 1 
Model development
The modeling platform used to develop the mathematical model was AQUASIM [29] .
The biofilm reactor compartment (based on Reichert [29] mixed-culture biofilm model)
provided by AQUASIM was used to simulate the mass transfer and biological conversion processes occurring in the granules. The description of the biofilm in AQUASIM is one-dimensional, and only the perpendicular direction to the substratum is resolved [29] .
Biological processes
The model included six soluble compounds: oxygen (S O2 ), ammonium (S NH4 ), nitrite (S NO2 ), nitrate (S NO3 ), readily-biodegradable organic substrate (S S ) and nonbiodegradable organic substrate (S I ); and five types of particulate compounds:
ammonium-oxidizing bacteria (X A ), nitrite-oxidizing bacteria (X N ), heterotrophic bacteria (X H ), storage products (X STO ) and inert particulate organic material (X I ).
Kinetics and stoichiometry of the biological processes were defined using the Activated Sludge Model No.3 (ASM3) platform [30] . However, the ASM3 presents several limitations for describing systems operating in batch mode or with nitrite accumulation.
To overcome these limitations, two modifications were introduced: (i) the model considered simultaneous growth and storage of organic matter by heterotrophic bacteria as described by Sin et al. [31] , (ii) nitrite was included as nitrification intermediate as described by Jubany et al. [32] , since there was an evident accumulation of nitrite in the GSBR (Fig. 1) . Therefore, nitrification becomes a two-step process. Firstly, ammonium is oxidized to nitrite by ammonium-oxidizing bacteria (AOB), and secondly, nitrite is oxidized to nitrate by the nitrite-oxidizing bacteria (NOB). Furthermore, since nitrite was included in the model, all the anoxic processes, heterotrophic and autotrophic, (i.e.
AOB and NOB endogenous respiration) were possible either from nitrite or from nitrate [33] . Separate anoxic reduction factors were used for X A , X N and X H [33] . Additionally, the anoxic processes from nitrate had a lower reduction factor to avoid an overall denitrification rate higher than the aerobic consumption rate of COD [33] .
The hydrolysis of slowly biodegradable COD (X S ) to S S by X H was not taken into account. Given that the raw swine wastewater was stored several weeks without continuous mixing before being diluted and entering the reactor, it was considered that most of X S decanted in the storage tank. Therefore, the overall impact of the hydrolysis of the remaining X S on the behavior of the GSBR was considered negligible. Further details of kinetics and stoichiometry of the developed model are summarized in Tables   S1, S2 and S3 in Supporting Information.
SBR operation
To simulate the feeding and effluent withdrawal periods of the GSBR, the biofilm reactor compartment was linked to a completely mixed liquid compartment whose volume can vary during the simulation ( In the experimental set-up, during the periods without mixing (settling, discharge and feeding), the mass transfer of soluble compounds from the bulk liquid to the biofilm pore water becomes reduced, resulting in a lower biological activity of the granules.
Furthermore, the GSBR was fed from the top of the reactor; therefore, the settled granules did not mix with the new media until the aeration started. To mimic the real operation of the reactor, a reduction factor applied to the diffusivity of soluble compounds into the pore water of granules (similarly to De Kreuk et al. [15] ) was used with the aim to minimize the biological reactions during the non-aerated periods. This reduction factor was noted as µ D .
Granules description
Biofilm area was described as a function of the granule radius, to correctly simulate the biofilm geometry. Total biofilm area was defined as a function of granule size and number of granules (see Jemaat et al. [34] for further details). The granule size used as model input was the volume-weighted average diameter experimentally determined in the lab-reactor. The number of granules was determined dividing the total volume of granules by the volume of a single granule, taking into account the experimentally determined density and total solids concentration. As in Vazquez-Padín et al. [27] , a detachment rate (u Det ) was used to keep a constant biofilm thickness in steady state at a predefined value (Eq. 1).
Being u F the growth velocity of the granules (m d -1 ), r the simulated granule radius (m)
and R m the experimental mean radius (m). Attachment of biomass onto the biofilm surface has been neglected. For the sake of simplicity external mass transfer has been neglected. The porosity of the biofilm was fixed as 80% and kept constant during all the simulations.
Model calibration and validation strategy
The operational conditions applied for period A as well as the biomass characteristics at the end of that period were used to calibrate the model (Table 1) The same procedure was applied for validation, but using the experimental conditions and biomass characteristics of period C (Table 1 ) and the same kinetic and stoichiometric parameters than in calibration (Table S2 in Supporting Information). The wastewater treated in period C had a slightly lower influent C/N ratio to that in the calibration (period A) but the NLR and organic loading rate were almost double. Due to these differences, the selection of this operational period for validation purposes is justified.
N-removal assessment strategy
For the assessment of the N-removal in the GSBR, four relevant and easily measurable parameters at industrial scale (DO concentration, granule size, NLR and influent C/N ratio) were selected, seeking to improve operational strategies. With that purpose, five scenarios were defined: Period A, C/N_Low, C/N_High, NLR_1.5 and NLR_2.0 (Table   2) . Period A scenario presented the characteristics of the GSBR operation in the experimental period A (Fig. 1) . For scenarios C/N_Low, C/N_High, the conditions of Period A were taken as a basis, and the influent COD was modified to obtain an influent C/N ratio of 4 g O 2 g -1 N (C/N_Low) and 10 g O 2 g -1 N (C/N_High). For scenarios NLR_1.5 and NLR_2.0, the conditions of period A were also taken as modeling basis, and the length of the cycle time was modified to 120 min (NLR_1.5) and 90 min (NLR_2.0) to increase the applied NLR. The reduction of the cycle time was applied to the aerobic phase, keeping the same feeding, settling and discharge times used in period A.
The conditions of each scenario were simulated until steady state for different DO concentrations and granule sizes. Four different granule sizes were used (0.5, 1.0, 2.0 and 3.5 mm) to cover the typical range of granule sizes found in the literature [6, 10, 12, 18] . Regarding the DO variations, six different DO concentrations, between 0.5 and 8
mg O 2 L -1 , were tested. DO concentrations lower than 0.5 mg L -1 were not used since they are not expected to be applied in a real GSBR [14, 35] . The combination of both variables resulted in 24 different simulations for every scenario. For easy comparison between scenarios, the simulations were performed with the same volume (and mass) of granules. Therefore, the number of granules used in each simulation was set according to the selected granule size.
Results and Discussion
Model calibration
All kinetic parameters were obtained from the bibliography with the exception of the maximum growth rate of X H (µ max,H ), the maximum growth rate of X A (µ max,A ) and the storage rate constant (k STO ), that were determined to provide a good description of Ncompounds and COD concentration. For the sake of simplicity, the maximum growth rate of X N (µ max,N ) was assumed to be equal to µ max,A , as expected at the temperature used in the experiments (23 ± 2 ºC) [36] . Best results were obtained for a µ max,H of 5. [30, 33] ). However, maximum growth rates are known to be higher in reactors with alternating feast-famine conditions, as the GSBR here modeled. In fact, Munz et al. [37] found that µ max,A ranged from 0.9 -1.4 d (Fig. 2) . During the famine phase (after the COD consumption), the nitrification became the main biological process. Nitrate was the nitrification product, although a slight accumulation of nitrite occurred from minute 30 to 150 (Fig. 3A) . The model was able to correctly describe all the processes occurring during the cycle. First, the COD consumption and subsequent denitrification of the nitrate occurring during the 13 feast phase. And second, the nitrification and nitrate accumulation during the famine phase. Also the nitrite accumulation was adequately predicted by the model, although this accumulation was slightly higher than the experimentally observed. However, the N-total was correctly described by the model.
Model validation
In the experimental cycle from period C used for the model validation, COD was consumed during the first minutes of the cycle and all the nitrate and nitrite remaining from the previous cycle were denitrified. However, this feast phase was longer than in period A, since lasted for 30 min (Fig. 3D ). During the famine phase, ammonium was not fully consumed, since a final accumulation of 10 mg N-NH 4 + L -1 was observed.
Nitrate and nitrite at the end of the cycle were similar. The model correctly described the feast phase, since the predicted COD, ammonium, nitrite and nitrate concentrations were similar to the experimental ones (Fig. 3C) . During the famine phase, the COD and nitrate profiles were also adequately predicted by the model. In contrast, the model did not completely describe the ammonium and nitrite profiles of the famine phase. The model overestimated the nitrite concentrations and underestimated the ammonium concentration (see Fig. 3C ). However, the general trends of both compounds were correctly predicted with the simulation results.
Considering the complexity of the system and the uncertainty of some of the experimental data used as model inputs (e.g. granule size distribution, granules density) it could be considered that the model satisfactorily described the performance of a GSBR treating swine wastewater. Moreover, it is noteworthy that only three kinetic parameters were calibrated while the rest were obtained from literature and, of course, none of these parameters was changed in the validation. Therefore, the model was ready to start performing other simulations to gain deeper insight into the treatment process. (Fig. 4) . Noticeably, the variations in N-removal at the DO opt of the different granule sizes were lower than 9%, despite the large range of granule sizes tested (0.5 -3.5 mm). Hence, in Period A conditions, applying the adequate DO opt concentration resulted in high N-removal efficiencies independently of the granule size.
Effect of the influent C/N ratio
Two different scenarios, C/N_Low and C/N_High (see table 2 ), were used to study the effect of the influent C/N ratio over the N-removal. In general, the N-removal efficiencies in both scenarios showed similar trends than those found in period A (Fig.   5 ). Similarly to Period A, a different DO opt value was determined for each granule size.
The values of DO opt for each granule size in C/N_High and C/N_Low scenarios were very similar to those determined in Period A (Fig. 6A ). The limitation of the nitrification occurred at a DO concentration close to the DO opt , since, at DO concentration above the DO opt , ammonium was not completely oxidized at the end of the cycle (Fig. 5) . Therefore, the influent C/N ratio scarcely influenced the conditions at which N-removal was enhanced. However, the N-removal efficiencies obtained at the same granule size and DO concentrations were, in C/N_High scenario, higher than those in Period A (Fig. 5) . In contrast, the N-removal efficiencies in C/N_Low scenario were lower than the corresponding ones in Period A. Therefore, the higher the influent C/N ratio, the higher the N-removal efficiency.
For C/N_High scenario, the higher influent C/N ratio also allowed for good N-removal efficiencies at DO concentrations higher than the DO opt . In fact, granules with a granule size higher than 2 mm and DO concentrations higher than 4 mg O 2 L -1 presented Nremoval efficiencies higher than 60% (Fig. 5) . Maximum N-removal efficiencies of the different granule sizes ranged between 79 and 85% and, similarly to Period A, granules with sizes between 1 and 2 mm presented the best N-removal efficiency (Fig. 6A) . In that case, the differences in maximum N-removal at different granule sizes were even lower than those found for period A, being only 6%. Therefore, with a high influent C/N ratio, there is no need to pay attention to the granule size if the adequate DO opt was applied.
In the C/N_Low scenario, good N-removal efficiencies (71 -74%) were obtained only for granule sizes between 1 and 2 mm at its corresponding DO opt (0.
Figs. 5 and 6A). For granule sizes 0.5 and 3.5 mm, the N-removal was lower than 60% even at the DO opt . At DO concentrations higher than 4 mg O 2 L -1 , N-removal was lower than 36% for all the granule sizes tested (Fig. 5) . Note that, even though the low influent C/N ratio negatively affected the N-removal efficiency, good N-removal efficiencies could be obtained applying the adequate DO opt if granule size was between 1 and 2 mm.
The maximum N-removal efficiency was only 6 % lower than that in Period A.
Effect of the NLR
The effect of the NLR on the N-removal was also evaluated with the model. One of the advantages of granular reactors is their ability to treat high loading rates due to their high biomass retention capacity [6, 10, 12] . For this reason, the effect of the NLR on the N-removal capacity was studied in two scenarios of 1.5 and 2-fold higher NLR than that applied in period A, maintaining a constant influent C/N ratio (see Table 2 ).
Simulations results of scenarios NLR_1.5 and NLR_2.0 are presented in Fig. 7 . In general, the N-removal performance after increasing the NLR presented similar trends than those found in Period A (see Fig. 7 ). A DO opt was found for each granule size, where the N-removal was enhanced, and nitrification was limited at a DO concentration close to the DO opt value (Fig. 7) . However, the higher the NLR applied, the higher the DO concentration at which the maximum N-removal for each granule size was achieved (i.e., for granule size of 2 mm, the DO opt values were 1, 2 and 3 mg O 2 L -1 for scenarios Period A, NLR1.5 and NLR_2.0, respectively, Fig. 6B ). Therefore, for a given granule size, the value of DO opt increased with NLR. This was reasonable, since a reduction of the cycle length resulted in a reduction of the time available for nitrification.
Accordingly, higher DO concentrations were needed to increase the thickness of the aerobic layer and, thus, increase the nitrification capacity.
Regarding N-removal efficiencies, the increase of the NLR affected differently the Nremoval according to the granule size. At the DO opt , the N-removal efficiency of granules larger than 1 mm decreased with NLR (Fig. 6B ). This decrease of N-removal was (4 -6 %), depending on granule size, but the N-removal efficiency at the DO opt maintained higher than 70% in all cases (Fig. 6B) . In contrast, for a granule size of 0. 
Practical implications 4.4.1 Operating guidelines to improve N-removal
The simulation results showed that all the factors taken into account in this study (i.e.
DO concentration, particle size, influent C/N ratio and NLR) affected the N-removal.
Interestingly, in most of the scenarios tested, the N-removal efficiency could be highly enhanced independently of the rest of the factors, only by applying the adequate DO concentration (i.e. DO opt ), thus obtaining N-removal efficiencies higher than 70% (Fig.   6 ). The only exception was in case of low influent C/N ratio. In that scenario, in addition to apply the DO opt , a granule size between 1 and 2 mm was needed to obtain good N-removal efficiencies (Fig. 6 ).
The simulation results also showed that, in all scenarios, the ammonium was completely oxidized at DO concentrations above the DO opt . In contrast, at DO concentrations below the DO opt , ammonium always accumulated in the effluent. This suggested that the limitation of nitrification occurred at a DO concentration close to the DO opt (Figs. 5 and   7 ). Accordingly, a slight accumulation of ammonium at the end of the cycle (i.e. a slight limitation of the nitrification) would indicate that the DO concentration was close to DO opt and thus, that N-removal was enhanced (Fig. 8 ). Therefore, it is possible to enhance N-removal simply controlling DO concentration and effluent ammonium concentration. This is very interesting from an operational point of view, since both, DO and ammonium concentrations, are two variables commonly measured on full scale wastewater treatment plants [19] and could easily be controlled. In contrast, granule size is practically uncontrollable in current systems [15] , and influent C/N ratio and NLR are related to the wastewater, and therefore subject to variability.
A novel control strategy for enhancing N-removal
A control strategy was proposed based on determining the DO concentration ensuring a slight accumulation of ammonium at the end of each GSBR cycle, which have been found the key to achieve high N-removal efficiencies. The proposed control strategy had a cascade control structure, with a primary control loop of ammonium concentration at the end of the cycle, and a secondary control loop of DO concentration along the aerobic phase of the GSBR (Fig. 9) . The manipulated variable of the primary control loop was, consequently, the DO set-point of the secondary loop [38] . The particularity of this control strategy was that the primary ammonium control loop would only act once per cycle. Therefore, after measuring the ammonium concentration at the end of the cycle, the control loop would establish the DO set-point for the next cycle. The ammonium set-point for the primary loop was set to 5 mg N-NH 4 + L -1 . This set-point was justified by the precision of the current on-line ammonium measurement devices, but also by the importance of having enough range to measure the error between the online and set-point ammonium concentrations, in order to calculate the control action (Fig. 8) . DO concentration in the reactor should be sufficiently close to the value of DO opt as to obtain high N-removal efficiencies when using 5 mg N-NH 4 + L -1 as ammonium set-point.
The short term effectiveness of the proposed control strategy over the N-removal efficiency was simulated with the model using the conditions applied in Period A with a granule size of 2 mm. To simulate the primary ammonium control loop (Fig. 9 ), a proportional (P) controller was used [38] . The gain of the P controller was set to 0.25 mg O 2 mg -1 N-NH 4 + . The secondary control loop (Fig. 9 ) was assumed to have a fast response because the control of DO in the model was described with a high gas-liquid oxygen transfer rate (see the details in SI and Jemaat et al. [34] ). Before applying the control strategy, the model was run until steady state with a DO concentration of 4 mg O 2 L -1 , obtaining complete nitrification at the end of the cycle and 48% of N-removal efficiency (see Fig. 10 ). Then the control strategy was activated. During the first 36 h after the control activation (12 cycles) the primary ammonium control loop progressively reduced the DO set-point of the secondary DO control loop, until 1 mg O 2 L -1 . At that DO concentration, ammonium concentration started to accumulate for the first time in the effluent (Fig. 10) . During the next 36 h, the ammonium in the effluent oscillated in the range 1 -9 mg N-NH 4 + L -1 , producing DO set-point variations between 0.75 and 1.1 mg O 2 L -1 (Fig. 10) . Seventy-two hours after the start-up of the control strategy, the ammonium concentration in the effluent was finally stabilized at 5 mg N-NH 4 + L -1 , with a DO concentration of 1.0 mg O 2 L -1 . N-removal efficiency after the activation of the control strategy increased from 48% to 75% during the first 36 h (Fig.   10) , showing the effectiveness of the control strategy. Moreover, the N-removal efficiency remained stable at 75 ±2 % during the next 36 h (Fig. 10) , despite the oscillations of the ammonium in the effluent, showing the robustness of the control strategy.
The most successful approaches to improve N-removal in GSBR previously reported [15, 18] were based on changing the cycle structure of the reactor (i. e. adding anoxic periods, dividing the feeding, etc). Here, the proposed control strategy was much simpler, because its implementation maintains the cycle structure, and only the DO setpoint was directly manipulated. Furthermore, since the ammonium set-point was established independently of the influent or granular sludge characteristics (e.g. size), automation of the control system is possible and robust, providing stability to the long term operation of the GSBR.
Microbiological risks
The experimental results showed that the enhancement of the N-removal implied, in most cases, to impose low DO concentrations (lower than 2 mg O 2 L -1 ). Working at such low DO concentrations is advantageous, since the aeration costs could be reduced considerably. However, low DO concentrations may lead to some risks associated to the granules stability. Many authors have pointed out that working at such low DO concentrations may induce an overgrowth of filamentous microorganisms over the granules, which in most cases ended up in granules breakage [12, 14] . Also the use of low aeration rates induced granules instability and final breakdown [17] . Thus, it may be necessary to further study the stability of the granular sludge at the optimal conditions for N-removal.
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Conclusions
A mathematical model able to describe the operation of a GSBR was successfully calibrated and validated. The subsequent model exploitation revealed that N-removal was always enhanced when the DO applied produced a slight ammonium accumulation in the effluent (e.g. 5 mg N-NH 4 + L -1 ). Furthermore, this occurred independently of granule size, influent C/N ratio or NLR. Accordingly, we proposed a cascade ammonium and oxygen control strategy that successfully automates finding the adequate DO concentration to enhance N-removal. The control strategy will set the appropriate DO set-point at whatever values of granule size, influent C/N ratio or NLR.
Therefore, high N-removal efficiencies (between 70 -85%, in most cases) will be assured by the control strategy against disturbances in those variables, which are common during the reactor operation. This is one of the first control strategies proposed for aerobic granular reactors and future research in pilot plant to confirm these results would be desirable. Since the secondary DO control loop was supposed to be fast and efficient, the represented DO concentration after the control strategy activation is equal to the DO set-point value 200 dp = 3.5 mm dp = 2.0 mm dp = 1.0 mm dp = 0. ) 0 50 100 150 200 dp = 3.5 mm dp = 2.0 mm dp = 1.0 mm dp = 0.5 mm ) 0 50 100 150 200 dp = 3.5 mm dp = 2.0 mm dp = 1.0 mm dp = 0.5 mm ) 0 50 100 150 200 dp = 3.5 mm dp = 2.0 mm dp = 1.0 mm dp = 0.5 mm ) 0 50 100 150 200 dp = 3.5 mm dp = 2.0 mm dp = 1.0 mm dp = 0.5 mm 
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